Aim-To assess the impact of cholesterol lowering on positive exercise stress tests in hypercholesterolaemic patients with normal coronary angiograms. Methods-43 non-diabetic patients aged 43-61 years, with total serum cholesterol concentrations of more than 7.75 mmol/l, positive exercise tests, and normal coronary angiograms, were started on the American Heart Association step 1 diet. After 12 weeks these patients were randomly assigned to treatment for another 16 weeks with the diet alone (diet group, n = 20) or with the diet plus lovastatin or simvastatin (statin group, n = 23). After this 28 week run in period, statins were withdrawn and lipid profile tests and exercise tests were done and repeated 20 weeks later. Results-At week 28, the statin group but not the diet group had significant reductions from baseline (week 12) in plasma total cholesterol (p < 0.0001), low density lipoprotein (p < 0.0001), and triglyceride (p < 0.0001). The number of patients with positive exercise tests decreased from 23 to three in the statin group and from 20 to 15 in the diet group (p = 0.01). After the final 20 weeks without statins, lipid profiles returned to baseline levels in all 17 patients remaining in the statin group, and exercise tests were again positive in 15 of these patients. Conclusions-In hypercholesterolaemic patients with normal coronary arteries, cholesterol lowering treatment reduces myocardial ischaemia, as shown by the beneficial eVects on exercise testing. (Heart 1999;82:689-693) Keywords: hypercholesterolaemia; exercise stress testing; myocardial ischaemia; endothelium Hypercholesterolaemia advances the atherosclerotic process by increasing low density lipoprotein (LDL) cholesterol concentration and accumulation, enhancing endothelial permeability to LDL cholesterol, and promoting cholesterol modification.
Hypercholesterolaemia advances the atherosclerotic process by increasing low density lipoprotein (LDL) cholesterol concentration and accumulation, enhancing endothelial permeability to LDL cholesterol, and promoting cholesterol modification.
1 2 Modified cholesterol (for example, oxidised LDL) causes endothelial dysfunction, 3 which in experimental models appears to precede even the earliest structural endothelial alteration related to the atherosclerotic process. 4 EVectively lowering plasma total cholesterol and LDL cholesterol in hypercholesterolaemic patients with and without coronary artery disease improves the endothelium dependent vasomotor response to acetylcholine. 5 6 Endothelial function also improves within two to four weeks after starting cholesterol lowering treatment. 7 8 There is evidence that lowering cholesterol is associated with modest but measurable regression of new atherosclerotic lesions. 9 In large scale therapeutic trials, the vascular benefits of cholesterol lowering treatment have been reflected in a substantial reduction in the need for coronary revascularisation procedures. 10 11 Recent trials have shown that eVective lipid lowering treatment in patients with obstructive coronary artery disease improves measures of transient myocardial ischaemia on positron emission tomography and ambulatory ECG monitoring. 12 13 Whether or not reducing cholesterol levels improves myocardial ischaemia, however, has not been well defined in the clinical setting. In this randomised controlled trial, we assessed the eVect of cholesterol lowering treatment on myocardial ischaemia as measured by ST segment depression during exercise stress test in patients with hypercholesterolaemia and normal coronary angiograms.
Methods

SUBJECTS
Patients were eligible for the study if they had a total serum cholesterol concentration greater than 7.75 mmol/l (300 mg/dl), a positive exercise stress test (characterised by ST segment depression), were not receiving cholesterol lowering drugs, and had normal coronary angiograms and left ventricular function. All patients had typical or atypical angina or were asymptomatic but had a positive exercise test. Patients with diabetes, a diastolic blood pressure of more than 95 mm Hg, or any evidence of cardiovascular disease were excluded. Other exclusion criteria were basal electrocardiographic abnormalities that might limit the interpretation of the exercise testing, such as left ventricular hypertrophy with ST/T wave changes, left bundle branch block, pre-excitation syndrome, and intraventricular conduction disturbance. Patients with previous hypersensitivity to statins were also excluded.
The study protocol was approved by the institutional ethics committee, the procedures followed were in accordance with institutional guidelines, and written informed consent was obtained from the patients.
EXERCISE TESTING AND CORONARY ANGIOGRAPHY
Exercise stress testing was performed according to the Bruce protocol under continuous 12 lead ECG monitoring.
14 Blood pressure and heart rate were measured throughout the test or when clinically indicated. Exercise testing was terminated upon physical exhaustion, onset of angina, or when ST segment depression was 3 mm or more. Exercise testing was considered positive when significant horizontal or down sloping ST segment depression greater than 1 mm (for men) and 2 mm (for women) occurred at 0.08 seconds after the J point.
After exercise testing, all patients underwent cardiac catheterisation and coronary angiography using the Sones and Shirey method. 15 
PROTOCOL DESIGN
Once patients met the inclusion criteria, they received dietary instructions from a registered dietician and began the American Heart Association step 1 diet, 16 which they continued for 12 weeks (washout period and study weeks 0-11). The patients were then randomly assigned to 16 weeks of treatment (run in period and study weeks 12-28) either on the American Heart Association step 1 diet alone (diet group) or on the same diet plus lovastatin or simvastatin (statin group). Follow up visits, serial lipid profiles, and exercise tests were scheduled at the start and then every four weeks during the run in period (at study weeks 12, 16, 20, 24, and 28) . The initial daily dose of lovastatin (20 mg) or simvastatin (10 mg) was adjusted during the study to achieve total cholesterol concentrations below 6.21 mmol/l (240 mg/dl). Thereafter, statins were withdrawn and both groups remained on the step 1 diet only for 20 additional weeks (post-statin period, study weeks 29-48). Lipid profiles and exercise tests were repeated at the end of week 48.
LABORATORY MEASUREMENTS
Plasma lipid concentrations were obtained after a 12 hour overnight fasting period. Total cholesterol (TC) and triglyceride (TG) concentrations were determined by standard enzymatic methods, 17 high density lipoprotein (HDL) concentrations by selective precipitation with dextran-magnesium chloride, 18 and LDL concentrations by the Freidewald formula: LDL = TC − [HDL + (TG/2.19)].
EFFICACY AND SAFETY MEASUREMENTS
During the follow up visits, patients had a complete medical examination, an ECG, and routine blood analyses. They were also asked if they had experienced any symptoms that could have been related to statin treatment. We determined whether the patients had had any intercurrent illness or complication requiring interruption of statin treatment. Compliance was verified by monitoring the amount of drug dispensed.
STATISTICAL ANALYSIS
Age and total, HDL, and LDL cholesterol were analysed using Student's t test for comparisons between groups. One way analysis of variance was used for comparisons within groups for continuous variables such as triglyceride, total, HDL, VLDL, and LDL cholesterol, heart rate, and systolic and diastolic blood pressure. The 2 statistic, or Fischer's exact test when appropriate, was used to analyse categorical variables (sex, symptoms, exercise stress test). A p value of < 0.05 was considered statistically significant. Data are expressed as mean (SD) unless otherwise specified.
Results
PATIENT CHARACTERISTICS
Forty three consecutive patients were enrolled in the study: 35 men and eight women, aged 43 to 61 years (mean (SD), 51 (8) years). Twenty patients were randomly assigned to remain on 
Discussion
This randomised, controlled study showed that myocardial ischaemia in hypercholesterolaemic patients with normal coronary arteries, as indicated by ST segment depression during exercise stress tests, can be ameliorated by cholesterol lowering drug treatment. Statin treatment reduced the number of patients with positive exercise test results and improved exercise endurance (higher maximum heart rate and lower maximum diastolic blood pressure). In contrast, diet alone produced little change in cholesterol and did not improve myocardial ischaemia induced by exercise testing. The beneficial eVect of lowering plasma cholesterol concentrations by statin treatment may be related to normalisation of coronary endothelial function.
Research has shown that coronary risk factors, such as increased plasma LDL cholesterol 20 21 and oxidised LDL, 22 adversely aVect endothelial vasomotor responses in humans. Intracoronary infusion of acetylcholine has been shown to dilate normal human coronary arteries by inducing the release of (14) 145 (10) 148 (11) 147 (8) 146 (9) 147 (10) S 144 (11) 143 (12) 148 (9) 154 (11) nitric oxide (endothelium derived relaxing factor, EDRF). 23 Ludmer et al observed a vasodilator response in normal coronary arteries after acetylcholine infusion, but a paradoxical constriction in atherosclerotic arteries reflecting the loss of EDRF. 24 Experimental data suggest that dyslipidaemia induced endothelial dysfunction may in part be the result of nitric oxide inactivation, probably caused by the increased vascular production of oxygen derived free radicals ("oxidative stress") that occurs in hypercholesterolaemic states. 25 The vasomotor responses of epicardial arteries during exercise also appear to be modulated by EDRF. 26 Normal epicardial arteries dilate during exercise, while atherosclerotic arteries constrict. Similar responses occur when the stimulus is an increase in heart rate. 27 Exercise is associated with increased coronary blood flow and activation of the sympathetic system. In human atherosclerotic coronary arteries, the loss of flow mediated 28 and 2 adrenergic stimulated EDRF release 29 may contribute to abnormal coronary vasoconstriction and thus to myocardial ischaemia. 30 31 Heart rate and systolic and diastolic blood pressure, among other factors, determine myocardial oxygen consumption. The only significant mechanism available to the heart to increase its oxygen consumption is to increase perfusion, and there is a direct linear relation between myocardial oxygen consumption and coronary blood flow in normal individuals. The principal mechanism for increasing coronary blood flow during exercise is decreased resistance at the coronary arteriolar level. Dynamic changes in vascular tone in an atherosclerotic coronary artery may result in diminished coronary flow during dynamic exercise. Thus regional left ventricular myocardial ischaemia may result not only from an increase in myocardial oxygen demand during exercise but also from a limitation of coronary flow as a result of coronary vasoconstriction in hypercholesterolaemic conditions. 27 The anti-ischaemic action of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCoA) inhibitors during exercise has not been reported before. In this study, aggressive lipid lowering for four months reduced the incidence of myocardial ischaemia. The eVect of statin treatment on endothelial function might in part explain our findings. Endothelial vasomotor dysfunction limits the coronary flow reserve and predisposes to myocardial ischaemia at two points in the atherosclerotic artery: it contributes to epicardial vasoconstriction, and it leads to an increase in the tone of resistance vessels so that myocardial blood flow is unable to meet an increase in metabolic demand. 32 Disturbances in coronary endothelial function associated with hypercholesterolaemia may be reversible at both points if adequately treated.
This study complements other research indicating that lipid lowering treatment reduces the incidence of myocardial ischaemia and improves endothelial function. Andrews et al, 12 using ambulatory ECG monitoring, showed a 65% reduction in myocardial ischaemia during daily life activities after lovastatin treatment in patients with coronary heart disease. Gould et al used positron emission tomography to demonstrate the beneficial eVect of lipid lowering on the coronary microcirculation. 13 In our study, lipid lowering reduced the incidence of myocardial ischaemia at maximal exercise, an eVect that may be mediated by normalisation of coronary endothelial function.
The absence of an ergonovine induced spasm provocation test during coronary angiography and nuclear myocardial scintigraphy are important limitations of this study. Although generally safe, irreversible occlusion may occur with the ergonovine provocation test.
